Mitochondria exist as dynamic networks that often change shape and subcellular distribution. The number and morphology of mitochondria within a cell are controlled by precisely regulated rates of organelle fusion and fission. Recent reports have described dramatic alterations in mitochondrial morphology during the early stages of apoptotic cell death, a fragmentation of the network and the remodeling of the cristae. Surprisingly, proteins discovered to control mitochondrial morphology appear to also participate in apoptosis and proteins associated with the regulation of apoptosis have been shown to affect mitochondrial ultrastructure. In this review the recent progress in understanding the mechanisms governing mitochondrial morphology and the latest advances connecting the regulation of mitochondrial morphology with programmed cell death are discussed. Cell Death and Differentiation (2003) 10, 870-880. doi:10.1038/ sj.cdd.4401260
Introduction
Dynamics of mitochondria in living cells: fission and fusion maintain homeostasis Mitochondria are dynamic organelles that can change in number and morphology within a cell during development, the cell cycle or when challenged with various toxic conditions. Imaging of living cells stained with vital, cationic fluorescent probes, such as Rhodamine 123 and JC-1, or green fluorescent proteins specifically targeted to mitochondria revealed that mitochondria are highly dynamic, motile and undergo frequent shape changes ( Figure 1 ). [1] [2] [3] The classical 'textbook' view, based mainly on two-dimensional electron micrographs, of mitochondria as bean-shaped structures with a highly folded inner membrane (IMM) forming mitochondrial cristae enveloped by a relatively uncomplicated outer membrane (OMM) has been challenged since the introduction of 3D reconstitution technologies. The presence of dynamic, tubular, 28 nm junctions connecting cristae to the IMM was found by serial sectioning and EM tomography. 4 In addition, a network of interconnected, tubular mitochondria has been detected by high-resolution 3D imaging of mitochondria expressing green fluorescent protein targeted to the mitochondrial matrix (mito-GFP). 5 Several other lines of evidence suggest that, at least under some conditions, mitochondria in mammalian cells can form physically interconnected networks 6, 7 that may represent an efficient system to deliver energy, or channel calcium between different areas of the cell. 6, 7 High connectivity of these organelles within the cell has been supported by the fact that, in cells stained with mitochondria specific, membrane potential (DC m )-sensitive fluorescent probes, depolarizing stimuli targeted to a small area of the mitochondrion, leads to the collapse of the DC m within the network over the length of tens of micrometers. 6, 7 Moreover, when fluorescence recovery after photobleaching (FRAP) has been applied, photobleaching of mito-GFP within a small area of the cell resulted in the sequential redistribution of the mito-GFP from unaffected portions of the cell, 5 suggesting lumenal continuity of the mitochondria within network(s) over broad areas of the cell.
Frequent fusion and fission within a dynamic network may be an efficient means of intermitochondrial DNA (mtDNA) complementation through exchange of genomes between fusing mitochondria. 8 Introduction of mitochondria bearing mtDNA mutations that inactivate cytochrome c oxidase (COX) into cells with wild-type mitochondria, resulted in dynamic mixing of matrix and membrane proteins, as well as mtDNA transfer, between normal-and COX-activity-deficient organelles so that all mitochondria within the cell displayed comparable, high COX activity. mtDNA is prone to mutations that accumulate in aging individuals. Genetic complementation, likely achievable due to the dynamic network-like behavior, may represent a mechanism of repairing mtDNA mutations, and consequently maintain properly functioning oxidative complexes within the cell. In yeast, serial sectioning and reconstruction of electron micrographs as well as experiments with organisms expressing mito-GFP revealed also the presence of a single branching mitochondrion. [9] [10] [11] In addition to their appearance as network-like, functionally united organelles, mitochondria also can be morphologically and functionally independent within cells. 12, 13 It has been demonstrated that in several cell lines, including HeLa cells used for the FRAP experiments described above, mitochondria exist as a heterogeneous mixture of elongated, tubular and short, vesicular forms, which may differ within one cell in the DC m , the rate of permeability transition pore (PTP) activation and the dynamics of Ca 2+ sequestration. 12, 13 In living Saccharomyces cerevisiae expressing mito-GFP and imaged using high-resolution-multifocal multiphoton-confocal microscopy, the number of branch points of the mitochondria was found to be regulated by the growth conditions and increased about four times when the yeast were grown on a nonfermentable carbon source, compared to growth on glucose. 9 Therefore, the discrepancies in the morphology of the mitochondria described by different laboratories using the same cell lines may result from different culture conditions.
A decrease in connectivity and formation of short, round mitochondria occurs under conditions that compromise mitochondrial function, such as mtDNA depletion, 14 or treatment with mitochondrial toxins. 15 These shifts from highly branched to fragmented morphologies of mitochondria are most likely regulated by the rates of fission and fusion events. Time-lapse experiments reveal that the frequency of fusion and fission events in yeast mitochondria is equal 11 and serves as an efficient means of maintaining mitochondrial number and morphology. Consequently, inhibition of both processes does not affect mitochondrial morphology whereas genetic inactivation of the fusion step leads to fragmentation and genetic inactivation of fission results in an increase in mitochondrial connectivity. 16, 17 Under different growth conditions, fission or fusion rates may change and lead to an increase or decrease in mitochondrial number. Until recently, little was known about the molecular mechanisms regulating mitochondrial number and morphology. However, combined genetic, biochemical and microscopic approaches have revealed the existence of a number of proteins participating in mitochondrial fusion and fission ( Figure 2 , Table 1 ). Discoveries of the components of the fission/fusion machinery in yeast and Drosophila melanogaster now enable us to have the first look at the molecular events governing regulation of the mitochondrial morphology in mammalian cells.
Control of the mitochondrial morphology: GTP-driven machines

Regulation of the mitochondrial fission
During proliferation of the budding yeast, S. cerevisiae, efficient transport of mitochondria and other organelles to the daughter bud seems to be essential for the viability of the newly formed cells. Screening of S. cerevisiae for mutations resulting in the inhibition of transport to daughter buds and aberrant distribution and morphology of mitochondria led to the discovery of a number of proteins indispensable for proper mitochondrial distribution and maintenance, functionally classified as mitochondrial distribution and maintenance (Mdm) factors. 18, 19 Multiple examples of Mdm mutants are discussed in detail by Yaffe 18 and only some examples will be discussed here. Inhibition of Mdm10, Mdm12 or the mito- Figure 1 Dynamic network-like behavior of mitochondria in cultured mammalian cells. HeLa cells were stained with the mitochondria-specific fluorescent probe Mitotracker Red CMXRos and imaged over time (at time 0, followed by 5 and 10 min) using confocal microscopy. In addition to high mobility and frequent shape changes, fusion (arrows) and fission (arrowheads) of mitochondria can be detected Figure 2 Primary structures of proteins participating in the regulation of mitochondrial morphology. Abbreviations: GTP hydrolysis domain (GTPase), dynamin-homology middle domain (Middle), GTPase effector assembly/domain (GED), transmembrane domain (TM), N-terminal extension (NTE), coiled-coil domain (CC), lipid modifying/membrane attachment domain (LMD). For details see text chondrial morphology maintenance (Mmm1) [20] [21] [22] gene product causes remodeling of the branching, cortical network of mitochondria characteristic of wild-type yeast into one round giant mitochondrion. Mutations of Mdm10, Mdm12 or Mmm1 result also in the inhibition of transport of mitochondria to the buds suggesting that aberrant fission, inhibition of the mitochondrial transport along the cytoskeleton or a combination of both factors cause the phenotype. Mdm10 and Mmm1 are integral proteins of the OMM and possibly play a role in ATP-dependent anchoring of mitochondria to the actin cytoskeleton. 23 Inhibition of mitochondrial movement along actin filaments observed in mmm1 and mdm10 mutants may explain the concentration of mitochondria in a small area of the cell, however, formation of a single giant mitochondrion indicates additional functions of Mdm10, Mmm1 and possibly Mdm12 in the regulation of mitochondrial fission. Actually, fragmentation of the mitochondria, not fusion, has been detected in yeast in which the actin cytoskeleton has been disrupted by treatment with latrunculin A 23 further pointing to a specific fissogenic activity of Mdm10 and Mmm1. There are not known mammalian homologs of the Mdm10, Mmm1 and Mdm 12 proteins, possibly because in mammalian cells mitochondrial motility is a microtubule, not actin, dependent process. 24, 25 It is worth noting that disruption of microtubules by nocodazole (our unpublished results) or inhibition of mitochondrial movement along microtubules by knockout of mitochondria-specific kinesin motors KIF5B 24 leads to aberrant distribution, but does not affect the tubular morphology of mitochondria suggesting a less-pronounced morphogenic role of the mitochondrial interactions with the cytoskeleton in mammals than in yeast.
A second class of proteins regulating mitochondrial morphology are members of the dynamin superfamily. Dynamin, a 100 kDa GTPase, is involved in the recycling of synaptic vesicles. 26 The recent discovery of a number of other proteins sharing a high homology within the dynamin 'GTPase', 'middle' and 'assembly' domains extends the role of dynamin family members to other membrane targets. 26, 27 Yeast Dnm1 16, 17, 28 and Mgm1 [29] [30] proteins, as well as their homolog in other organisms, [31] [32] [33] [34] [35] regulate mitochondrial , by overexpression of a dominant-negative mutant of Drp1 harboring a mutation in the GTP-binding site (Drp1 K38A ), resulted in the formation of extremely interconnected, fused mitochondria. 39 This phenotype is consistent with an inhibition of Drp1-mediated mitochondrial fission. In addition, Dnm1 and mammalian Drp1 specifically localize to punctuate foci at sites of subsequent mitochondrial fission. 16, 17, 39 Colocalization of the Drp1 foci with mitochondrial scission sites has been also demonstrated in Caenorhabditis elegans. 33 Interestingly, downregulation of Drp1 in C. elegans by RNAi inhibited the scission of the OMM, while fission of the IMM was not affected, 33 suggesting that separate machinery mediates scission of the two mitochondrial membranes. At this point, molecular components governing scission of the IMM are not known and consequently the mechanism(s) synchronizing OMM and IMM fission also remain to be discovered.
Like dynamins, that function as a part of multiprotein complexes, 26 multiple accessory proteins, in addition to Drp1, appear to be necessary for the proper scission of mitochondria. In yeast, Fis1 (Mdv2) and Mdv1 (Fis2/Gag3/Net2) [40] [41] [42] [43] also are required for fission of mitochondria. Fis1, an integral protein of the OMM, targets Dnm1 to the mitochondria early in the fission pathway, and may also interact with Mdv1, which in turn can bind Dnm1. Mdv1 most probably functions as a molecular adaptor as it interacts with Dnm1 by its C-terminal WD repeats and with Fis1 by its N-terminal extension region. 44 Recombinant expression of the isolated WD repeat domain of Mdv1 inhibited mitochondrial fission suggesting a critical role of sequential interactions of Dnm1, Mdv1 and possibly Fis1 in the severing of the OMM. 44 Proteins highly homologous to yeast Fis1 are present in Drosophila and in mammals, although it remains unknown whether they participate in the mitochondrial fission complex. 42 The fact that punctate foci of Drp1 and Mdv1 at mitochondrial fission sites can be detected by the light microscope 16, 17, 37, 39, 43 suggests that multiple copies of Dnm1 and Mdv1 in the fission complex may be necessary to execute mitochondrial scission. Yeast two hybrid and coimmunoprecipitation studies reveal that, in addition to interactions with Fis1 and Mdv1, Dnm1 homo-oligomerizes in vivo. 45 These results are consistent with those of mammalian Drp1 showing that it resides in the cytosol as a tetramer. 46 Like dynamin,
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Drp1 can assemble into multimeric ring-like structures, in vitro under low salt conditions. 39 Whether such high molecularweight spiral complexes of Drp1 form in vivo, and their functional importance, is not yet clear. It is currently not known whether Dnm1 mediates mitochondrial scission as a GTP hydrolysis-driven molecular motor, in which case high molecular-weight complexes would cause constriction-inducing scission or, similar to small GTPases, as signaling molecules recruiting other active components to the scission site. The presence of a coiled-coil region, typically a mediator of protein-protein interactions, in Mdv1 and Dnm1 (Drp1) suggests the possible participation of additional proteins in the fission foci. Interestingly, in mammalian cells, in addition to the mitochondrial localization, Drp1-containing structures also colocalize with ER tubules and are adjacent to ER subcompartments enriched with Rab1. 37 Furthermore, it has been also shown that Drp1 colocalizes with, and mediates the fission of, peroxisomes 48 indicating that, like dynamin, Drp1 may mediate scission of multiple membrane targets.
Recently, Rab32, a small GTPase in the Rab protein family, members of which participate in the membrane trafficking at the Golgi apparatus and endosomes, 49 has been shown to participate in the maintenance of mitochondrial morphology. 50 Point mutations in the GTP-binding site (T39N) induced formation of abnormally fused mitochondria suggesting that Rab32, like Drp1, may be involved in mitochondrial fission. In spite of the lack of an evident mitochondria-targeting sequence, Rab32 localizes predominantly to mitochondria, as revealed by immunofluorescence analysis. Rab 32 serves also as an A-kinase anchoring protein (AKAP) and sequesters protein kinase A to mitochondria, 50 although it is not known whether the interaction of Rab32 with PKA contributes to the regulation of mitochondrial morphology.
Regulation of mitochondrial fusion
Considerable progress has been made recently in the understanding of the molecular mechanism of mitochondrial fusion. The first known mediator of mitochondrial fusion, the Drosophila melanogaster fuzzy onions (fzo) gene, encodes a large transmembrane GTPase that does not share detectable homology with the dynamin family of GTPases. 51 During Drosophila spermatogenesis, mitochondria of early postmeiotic spermatids aggregate and fuse into two giant organelles that wrap around each other. This structure, called a Nebenkern, resembles an onion slice when imaged in cross section by electron microscopy. Fzo1 is upregulated just prior to Nebenkern formation late in meiosis II and disappears when mitochondrial fusion is completed. Mutations in the fzo gene inhibit fusion and formation of the Nebenkern leading to a 'fuzzy onion' morphology. Homologs of the Fzo1 protein are present in yeast 52, 53 and in mammalian cells. 54 Mutations in yeast fzo1 53 or knockout of the individual mammalian homologs of Fzo1, mitofusins 1&2 (Mfn1&2), 55 result in the formation of fragmented mitochondria, a phenotype consistent with an inhibition of mitochondrial fusion. Notably, knockout of Mfn1 causes the formation of small round mitochondria, whereas knockout of Mfn2 results in the formation of slightly larger, oval organelles, in addition to the short punctiform mitochondria 55 suggesting a higher rate of residual fusion in Mfn2-deficient mouse embryonic fibroblasts (MEFs). Striking defects in the mobility of mitochondria in Mfntracker Red, in control and Mfn1&2 knockout MEFs, reveals an increase in mitochondrial heterogeneity, namely an elevation in the number of mitochondria with distinctly lower DC m in both Mfn1 and Mfn2 mutant cells. Formation of defective mitochondria is most likely the result of an inhibition of a DC m complementation mechanism that in control cells could result from the frequent fusion and fission of mitochondria. Mfn1 and Mfn2 appear to function differently, in a celltype dependent manner, as revealed by the reduction of the number of the placental trophoblast giant cells, that normally express both Mfn1 and Mfn2, caused by Mfn2 deficiency, but not Mfn1 deficiency in knockout placenta.
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Mfn1 and Mfn2 form homotypic and heterotypic complexes. 55 However, whether different homotypic and heterotypic complexes of Mfns coparticipate in the machinery universal for diverse modes of mitochondrial fusion, or whether they mediate, independent, signal-specific mitochondrial fusion events is not known. Examination of the membrane topology revealed that Fzo1, Mfn2 and likely Mfn1 56,57 span the OMM twice, exposing the N-terminal GTPase and C-terminal coiled-coil domains to the cytosol with the short loop between the transmembrane domains located in the intermembrane mitochondrial space. Mutations in the intermembrane space segment of Fzo1 uncovered its importance in the physical coupling of the OMM and IMM, probably through the interactions with a putative IMMassociated component of the fusion machinery. 57 Yeast harboring mutations in the transmembrane space segment of Fzo1 accumulated fragmented mitochondria, indicating that Fzo1-mediated OMM : IMM interactions are essential for the proper, synchronized fusion of the two mitochondrial membranes. 57 The N-terminal GTPase and the C-terminal coiledcoil domains of Mfn2 are also necessary for the proper fusion of mitochondria and the C-terminal and middle coiled-coil domains are required for the proper mitochondrial localization of Mfn2. 56 Recombinant expression of GFP-tagged Mfn2 revealed that Mfn2 can concentrate in punctate foci on mitochondria at sites of fusion/fission. 58 Truncation of the Cterminal coiled-coil domain (GFP-Mfn2 1-703 ) alters the submitochondrial localization of GFP-Mfn2, shifting it from partly circumscribing the OMM and partly localized to punctuate submitochondrial foci to completely circumscribing the OMM (our unpublished observations). Expression of GFP-Mfn2 in Mfn2 knockout MEFs does not reconstitute the tubular, elongated morphology of mitochondria, as overexpression of WT GFP-Mfn2 does (unpublished results). Thus, the Cterminal coiled-coil domain is required for fusion activity and also for submitochondrial localization in the foci. Mutation of the GTP-binding site in the GTPase domain also results in the inactivation of the Mfns. 55 Recently, using a genetic screen of mutant yeast, Sesaki and Jensen 59 found a gene coding a novel protein necessary for mitochondrial fusion, UGO1. Ugo1 localizes to the OMM with an N-terminal domain facing the cytosol and the C terminus localized in the intermembrane space. It is not known whether its fusogenic activity requires interactions with Fzo1 or whether several independent stages of mitochondrial fusion exist.
Another mediator of mitochondrial fusion, the large dynamin-like GTPase, Mgm1, may participate in the fusion and remodeling of the IMM. It has been demonstrated that Mgm1 localizes to the external side of the IMM and that the loss of MGM1 function leads to the fragmentation of the mitochondrial reticulum. 30 However, a specific role of Mgm1 in the fusion of the IMM remains controversial, as another report indicates that Mgm1 behaves as an integral protein of the OMM. 29 Despite the phenotypic similarities between mgm1 and fzo1 mutant cells, loss of MGM1 function does not affect fusion of mitochondria during yeast mating. 30 Mammalian homologs of Mgm1 have been characterized. 31, 34, 35, 60 In humans, mutations in the Mgm1 homolog have been detected in patients with dominant optic atrophy (mammalian homologues of Mgm1 are thus called OPA1), a neuropathy resulting from the loss of retinal ganglion cells. 31, 34 Human OPA1 is tightly attached to the outer leaflet of the IMM, close to the cristae, as revealed by biochemical and immunoelectron microscopy analysis. 60 Modifications of the mitochondrial morphology in cells expressing different OPA1 constructs were detected. Notably, expression of GFP-tagged full-length OPA1 induced the formation of a filamentous network of mitochondria, whereas the N-terminal, 120 amino-acid-long mitochondrial targeting region tagged with GFP did not affect mitochondrial morphology. 60 Experiments using yeast mutants lacking mitochondrial fusion, fission and double mutants deficient in both of these processes, 16, 17 established the critical role of balancing of fusion and fission in the regulation of mitochondrial shape and connectivity in yeast. The discovery and characterization of the various proteins governing mitochondrial membrane remodeling, described above, create new, exciting challenges for mitochondrial research. How are the actions of those separate elements, likely receiving signals from extramitochondrial compartments of the cells as well as from the mitochondria, integrated into a synchronized process? Moreover, mammalian proteins that, in addition to Drp1 and Rab32, mediate scission of mitochondria remain to be discovered. These and many more questions are waiting to be answered in this fascinating new area of cell biology.
Mitochondrial remodeling and fragmentation during apoptosis
Recent developments in apoptosis research have uncovered a central role of mitochondria. Initially, mitochondrial participation in apoptosis was connected with the collapse of DC m that was considered a point of no return in the death cascade. 61 The hypothesis that during early stages of apoptosis several proteins such as cytochrome c and smac/ Diablo are released from the mitochondrial intermembrane space to the cytosol, where they bind to specific cytosolic targets and subsequently activate the caspase-activating pathways, also suggested that mitochondria may serve as a decision maker regulating the viability of cells. Cytochrome c is released from mitochondria upon induction of apoptosis and forms the 'apoptosome' in the cytosol together with the adaptor protein Apaf-1, to activate procaspase-9 and subsequently the effector caspases-3 and -7. The mechanism of OMM permeabilization that releases cytochrome c and what kind, if any, of mitochondrial priming that has to occur before cytochrome c release is not well understood. Pro-and antiapoptotic proteins from the Bcl-2 protein family seem to be central regulators of the OMM permeability. Members of the BH3 only subset of the Bcl-2 family, including Bad, Bid, Bim, and others transduce prodeath signals from different compartments of the cell and initiate OMM permeabilization, either by activation of the proapoptotic members, Bax and Bak (Bax-like proteins), or inactivation of the antiapoptotic members, Bcl-2 and Bcl-X L . 62 Multidomain proapoptotic members of the Bcl-2 family, Bax and Bak, are indispensable effectors of the apoptotic pathway. 63 Multiple models of Baxmediated permeabilization of the OMM have been proposed, including interaction of Bax with components of the PTP, the voltage-dependent anion-selective channel (VDAC) 64 or ANT 65 or, based on the structural similarity to certain poreforming bacterial toxins and supported by in vitro channel-like activity of some Bcl-2 family members, direct pore formation. 66, 67 Interestingly, contrary to reports describing a preservation of the structure of mitochondria challenged with recombinant Bid or Bax, 68, 69 it has recently been suggested that tBid might mediate, independent of its interactions with Bax-like proteins, a remodeling of the mitochondrial cristae that facilitates an early, prerelease relocation of cytochrome c from cristae stores and mobilization in the intermembrane space. In healthy cells, most of the cytochrome c localizes in the mitochondrial cristae, separated from the intermembrane space by a narrow cristae junction (discussed in Frey and Mannella 4 ) that can be somehow opened by tBid 70 (Table 2) . Although the mechanism of tBid-mediated opening of the cristae junctions is unknown, electron microscopy tomography of tBid-treated mitochondria revealed an increase of the intracristae connectivity and formation of a more highly interconnected cristae network suggesting the activation of IMM fusion. Remodeling of the mitochondrial cristae could also be seen in vivo in apoptotic cells, 70 suggesting the possibility that regulated changes of the mitochondrial morphology may generally occur early in the apoptotic process. It has been reported that tBid has intrinsic lipid translocase activity, 71 and can directly affect the curvature of the liposomes. 72 One may speculate that tBid may participate in a lipid-modifying multiprotein complex, likely localized at the OMM : IMM contact sites that regulate sequential changes of the mitochondrial ultrastructure. There is very little information on the factors regulating the structure of mitochondrial cristae. It has been suggested that two nonessential subunits (e and g) of yeast ATP synthase may be responsible for cristae formation through coiled-coil-mediated ATP synthase dimerisation and oligomer formation followed by a zipper-like mechanism-induced invagination of the IMM. 73 However, it is not known whether, in addition to cristae formation, dynamics of preformed cristae are also regulated by subunits of ATP synthase. Another factor, Mgm1/OPA1, as discussed previously, may participate in cristae remodeling. Experimental downregulation of OPA1 using siRNA led to alterations in the morphology of the cristae and formation of unusual vesicle-like structures with an increased diameter somewhat resembling those induced by tBid. Alterations of mitochondrial structure caused by OPA1 depletion are associated with the release of cytochrome c from mitochondria to the cytosol and subsequent induction of apoptotic cell death. 74 Notably, in addition to the remodeling of mitochondrial cristae, depletion of OPA1 results in the fragmentation of the mitochondrial network, similar in morphology to that observed in Dmgm1 yeast. It is not clear whether OPA1 downregulation-induced OMM permeabilization occurs due to cristae remodeling or due to the activation of mitochondrial fragmentation. Mitochondrial fragmentation has been described in connection with many modes of apoptosis (Figure 3) . 58, [74] [75] [76] [77] [78] [79] [80] [81] [82] Ultrastructural analysis of Colo-205 cells treated with a tyrosine kinase inhibitor, Herbimycin A, to induce apoptosis revealed a distinct increase in the number of mitochondria consistent with mitochondrial fragmentation. Fragmentation of mitochondria occurred in parallel with the formation of apoptotic bodies, an increase in the number of TUNELpositive nuclei and cleavage of the caspase substrate PARP. 80 It is not clear whether mitochondrial fragmentation observed in Herbimycin A-treated cells is a nonspecific epiphenomenona, or whether it participates directly in the transduction of an apoptotic signal. However, the potential role of mitochondrial fragmentation and dynamin family proteins participating in the regulation of mitochondrial morphology, in the control of apoptosis was described by Frank et al. 77 When the morphology of mitochondria stained with fluorescent probes was analyzed over time by confocal microscopy, a transition from a mitochondrial network into vesicular punctiform mitochondria was invariably detected in cells treated with various apoptotic stimuli, beginning at the very early stages of the cell death cascade. Changes in mitochondrial morphology were associated with a distinct increase in the number of mitochondria suggesting the participation of mitochondrial fission machinery. Apoptotic fragmentation of mitochondria was not affected by caspase inhibitors but, interestingly, was inhibited by ectopic expression of the dominant-negative mutant of Drp1, Drp1
K38A . Moreover, Drp1
K38A not only inhibited apoptotic fragmentation of mitochondria, but also inhibited or delayed cytochrome c release, the decrease in DC m and fragmentation of nuclear DNA, all markers of apoptosis. An inhibitory effect of a similar dominant-negative mutant of Drp1, Drp1 K38E , on mitochondrial fragmentation and cell death induced by p20, a caspase- Figure 3 Mitochondrial fragmentation during apoptosis. Disintegration of the tubular mitochondrial network and formation of punctiform, fragmented mitochondria occur early during apoptosis induced by variety of the stimuli (see details in the text). Examples of control (a) and STS-treated (b) Cos-7 cells are shown. Cells were transfected with mito-YFP (a, b) and at 12 h after transfection were untreated (a) or treated with 1 mM STS (b) for 180 min and imaged using confocal microscopy 8 cleavage product of the ER integral protein BAP31, has been also reported. 82 Formation of p20 increased Ca 2+ transfer between the ER and mitochondria that somehow affected the mitochondrial fission machinery resulting in the fragmented phenotype of the mitochondria. Overexpression of Drp1 K38E was sufficient to distinctly inhibit mitochondrial permeabilization assessed by cytochrome c release, as well as caspase activation. 82 Overexpression of Bax, but not a mutant Bax lacking the BH3 domain, distinctly amplified mitochondrial fragmentation induced by the proapoptotic agent staurosporine (STS), further connecting mitochondrial fragmentation to the apoptotic process. 77 It also has been reported that in HeLa cells overexpressing Bax and cultured in the presence of the caspase inhibitor z-VADfmk, a collapse of the mitochondrial network and formation of punctiform mitochondria followed by perinuclear clustering of fragmented organelles can occur spontaneously without additional apoptotic stimuli, 75 suggesting a direct role of Bax and, potentially, other members of Bcl-2 family in the fragmentation of mitochondrial network.
How Bax induces mitochondrial fragmentation remains to be established. However, it has been shown that upon induction of apoptosis Bax translocates to the OMM 83 and, almost instantly after translocation, concentrates into submitochondrial punctate foci. 84 In addition, Bak, the closest Bax homolog from the Bcl-2 family, colocalizes with Bax in these foci. 84 In STS-treated Cos7 and HeLa cells, Bax/Bak foci formation is associated with a disruption of the mitochondrial network 58 and, moreover, Bax foci frequently appear at the sites of mitochondrial scission (Figure 4) . Fragmentation of mitochondria occurring after Bax mitochondrial translocation and formation of submitochondrial foci has been also described to occur in STS-treated cardiomyocytes.
76 Drp1 and Mfn2 colocalize with Bax in foci in different cell types treated with various inducers of stress-dependent apoptosis ( Figure 5 ) 58 suggesting that Bax may be targeting subdomains of mitochondria that are most prone to dynamic membrane rearrangements or may somehow interfere with the activity of the mitochondrial fusion/fission machinery. The dominant-negative inhibitor of Drp1, Drp1 K38A , does not affect the dynamics of Bax translocation and foci formation, but inhibits Bax-induced mitochondrial fragmentation. As documented by confocal and immunoelectron microscopy, even in the absence of active Drp1, deformations of the OMM resembling mitochondrial constriction sites are often present at the sites of Bax-foci formation, 58 suggesting the participation of additional factors, or that Bax itself possesses membrane-deforming capability. Both possibilities are supported by independent sets of data. Yeast two hybrid screens using C-terminal truncated Bax as the bait revealed strong interactions of Bax with a member of the endophilin protein family called Bax-interacting factor 1 (Bif1), 85 SH3GLB1, 86 or endophilin B1 87 (for simplicity, the name Bif1 will be used). Binding of Bif1 and Bax was also recapitulated by coimmunoprecipitation experiments, and appeared to be specifically enhanced by the proapoptotic conditions such as interleukin-3 withdrawal 85 or treatment with an epothilone B analog (BMS-247550). 88 It is not clear how Bif1 affects Bax, but there are interesting indications suggesting that Bif1 has membranedeforming activity. Members of the endophilin protein family participate in the regulation of membrane curvature and dynamics in multiple cellular processes including endocytosis of synaptic vesicles. 89, 90 Interestingly, Bif1, as well as endophilin 1, can directly tubulate liposomes. 87 Bif1-mediated OMM deformations may somehow facilitate Bax interactions with the OMM and the subsequent Bax activation of apoptosis. Indeed, recombinant expression of Bif1 in FL5.12 cells facilitates interleukin-3 withdrawal-induced exposure of the Bax N-terminal epitope (6A7) 85 that is hidden in healthy cells and becomes exposed upon apoptotic activation of Bax.
91 Importantly, Bax-mediated liposome permeabilization occurs through a mechanism sensitive to intrinsic membrane curvature. 92 Bif1 binds Bax by its N-terminal eight amino acids, 86 suggesting the possibility of coordinated interactions with additional protein proline-reach domains mediated by the Bif1 C-terminal SH3 domain, and with Bax mediated by the N terminus. Endophilin family proteins have been shown to bind dynamin family members via the C-terminal SH3 domain. 26 Our analysis of the amino-acid sequence of Drp1 reveals that the proline-rich region and, the PXXP motif in amino acids 610-618 (PIPIMPASP), a potential SH3-binding site, may bind the endophilin, Bif1. Interestingly, homologous SH3 binding motifs are also present in Mfn2 (amino acids 523-526, 26 Bif1 also binds another endophilin, SH3GLB2, 86 suggesting a variety of potential Bax-interacting proteins. Another potential candidate for the Bif1 SH3 domainbinding partner is the mitochondrial synaptojanin 2A. Recombinant overexpression of mitochondrial targeted synaptojanin 2A was shown to have effects on the gross morphology of mitochondria. 93 Treatment with the Ca 2+ ionophore, A23187, also induces fragmentation of the mitochondrial network in myoblasts, astrocytes 94 and HeLa cells that occurs in the absence of Bax translocation and is not directly followed by apoptotic cell death (our unpublished results), suggesting that neither Baxfoci formation nor apoptosis are necessary triggers of mitochondrial fragmentation. Reports from the Rizzuto's group 78, 79 suggest an important role of Ca 2+ in the regulation of the mitochondrial connectivity during apoptosis and quite likely during other physiological conditions. They show that an early rupture of the mitochondrial network occurs in HeLa cells treated with the Bcl-2-sensitive apoptotic stimulus, ceramide. 78, 79 Ceramide causes an early increase in the level of cytosolic Ca 2+ that is associated with fragmentation of the mitochondrial network. Conditions reducing the cytoplasmic Ca 2+ increase were sufficient to prevent mitochondrial fragmentation and also inhibited ceramide-mediated cell death. However, whether the mitochondrial fragmentation is temporally associated with Bax translocation and foci formation in this system is not known. Experiments with digitoninpermeabilized cells incubated with caspase-8-cleaved Bid revealed an important role of tBid in the regulation of Ca 2+ transport at focal contact sites between the ER and the mitochondria. 95 As the proapoptotic effect of tBid relies on the presence of Bax and Bak, 63 one may speculate that tBidmediated Bax activation may lead to local Bax foci that increase the permeability of the OMM for Ca 2+ that in turn lead to the activation of the mitochondrial fission machinery localized in the same subcompartments of the OMM. Interestingly, recombinant expression of VDAC, that can amplify the transfer of Ca 2+ from ER to mitochondria, potentiates the fragmentation of the mitochondrial network induced by ceramide, 79 Although the mechanism and role of the mitochondrial fragmentation in apoptosis remains to be confirmed, its universal occurrence was further suggested by recent reports connecting two different viral protein modulators of apoptosis with the morphology of mitochondria. Screening for alternative-reading frames encoded in the influenza A virus (PR8) revealed the presence of an abundant, immunogenic, amino-acid protein (PB1-F2) coded by the +1 reading frame of PB1. Recombinant expression of the synthetic version of PB1-F2 induced apoptosis, whereas targeted mutations that interfere with PB1-F2 repressed apoptosis induced by PR8 infection. 81 As shown by indirect immunofluorescence of MDBK cells infected with PR8 or transfected with PB1-F2 cDNA, PB1-F2 localizes predominantly to mitochondria. Notably, expression of PB1-F2 in cells induced the rounding of mitochondria consistent with fragmentation associated with a decrease in the DC m . Alterations of mitochondrial morphology and function were also observed in cells injected with synthetic peptides corresponding to the fulllength PB1-F2. How PB1-F2 induces mitochondrial fragmentation and activates apoptosis is not known. However, the toxic effect of PB1-F2, including the fragmentation of mitochondria and the release of cytochrome c, can be suppressed by overexpression of Bcl-2 suggesting the participation of the members of Bcl-2 protein family in the action of PB1-F2.
The cytomegalovirus UL37 gene product (also called viral mitochondrion-localized inhibitor of apoptosis, vMIA) has been reported to have a potent antiapoptotic activity. In a similar manner to that of PB1-F2, vMIA localizes to and induces morphological alterations of mitochondria consistent with fragmentation, confirmed by immunocytochemistry and mitochondrial sedimentation assays, but unlike PB1-F2 that induces cytochrome c release, vMIA protects cells against apoptosis. 96, 97 vMIA inhibits Fas-mediated apoptosis downstream of Bid cleavage, but upstream of cytochrome c release, 97 raising the possibility that Bax-like proteins may be its target. Interestingly, the punctate staining of the subcellular vMIA localizations follows a mitochondrial pattern but does not completely colocalize with Mitotracker-stained mitochondria (see Figure 2B in McCormick et al. 96 ). Moreover, it has been shown that vMIA resides not only in the mitochondria, but also in the ER and Golgi apparatus. 98 A subpopulation of Drp1 has been also found to colocalize with ER and mitochondria. One may speculate that vMIA may block apoptosis by interfering with Drp1 or another factor from the mitochondrial fission machinery at a step downstream of Bax activation, foci formation and fragmentation of the mitochondrial network but upstream of mitochondrial permeabilization. Further experiments are clearly needed to establish whether there is a firm correlation between antiapoptotic activity and mitochondrial morphology regulatory functions of vMIA.
Finally, it has been recently reported that overexpression of the antiapoptotic Bcl-2 protein can cause increases in the volume and structural complexity of the mitochondria, without affecting DC m , DpH or intramitochondrial {K + } in PC12 and GT1-7 neural cell lines. 99 Although no microscopic data were presented, flow cytometric particle sizing and light-scattering determinations performed together with an analysis of mitochondrial uptake of DC m -and K + -sensitive fluorescent probes, of the mitochondria isolated from control and Bcl-2 overexpressing cells, revealed an increased membrane area and structural complexity in the mitochondria isolated from Bcl-2 overexpressing cells. Thus, in addition to or by interacting with Bid and Bax, other members of the Bcl-2 protein family appear to participate in the regulation of mitochondrial morphology.
Although mitochondrial fragmentation can occur without activation of apoptosis, apoptosis may not be able to occur without activation of the mitochondrial scission machinery. The findings that dominant-negative mutant of Drp1 blocks mitochondrial fission during apoptosis and inhibits cell death, together with the opposite tendency of fragmentation and a decrease in the complexity of mitochondria, that can be detected during apoptosis induced by variety of treatments and upon Bax overexpression, supports the possibility that conditions favoring mitochondrial connectivity may be beneficial for cell survival, not only in normal growth conditions, as described in the first part of this review, but also when cells are challenged with apoptotic stimuli. However, clearly, additional experiments are necessary to determine the importance and role of mitochondrial network maintenance in the regulation of apoptotic cell death.
